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Abstract 
In this paper, we propose a distributed optimization approach to energy portfolio and production planning for multiple companies. 
The production planning problem for multiple companies with the selection of electricity procurement contracts under energy 
resource constraints is formulated as a mixed integer nonlinear programming problem. A Lagrangian decomposition and 
coordination technique is applied to solve the problem. The original problem is decomposed into several subproblems. Heuristics 
are applied to generate a feasible solution. Computational results show the proposed method can solve the problem effectively 
within a reasonable computation time. 
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1. Introduction 
With rapid progress in market liberalization of 
electrical power, a number of global manufacturing sites 
are trying to integrate their enterprises with other 
organizations by optimizing production planning for 
multiple companies. Japan has now severe electricity 
problems due to limitation of nuclear power resources. 
The use of renewable resources including geothermal 
energy, biomass, small hydro, wind and solar will 
increase in the next few years. Energy portfolio selection 
is the decision making of the selection of the use of such 
electricity sources or contracts considering spot market 
of electricity prices. Under the severe energy and 
resource situation, in order to reduce energy 
consumption and environmental burden, manufacturing 
plants are required to create production planning as well 
as energy portfolio taking into account of 
competitiveness in the market. 
Such coordination has been executed in empirical 
ways by communication among production planning 
managers. However, planning decisions for each 
company are becoming increasingly complicated with an 
increasing number of alternative plans for a number of 
partner companies [1]. This makes it difficult to 
coordinate multiple companies for energy portfolio and 
production planning. A typical approach is a discrete 
event simulation combined with optimization methods. 
Conventional planning systems have been configured to 
obtain near-optimal plans incorporating an information 
sharing strategy for the overall companies using detailed 
information such as unit revenue, production cost, 
inventory holding cost, etc. for each company.  
However, in practice, such information is considered to 
be confidential for competing companies. Due to the 
confidentially reason, a distributed optimization system 
with partial information sharing is preferable [2]. 
A number of studies have been reported for electricity 
contract decision making problems [3][4]. 
Conventionally, electrical energy management problems 
have been discussed with hydrothermal plants [5], or 
unit commitment problems [6]. However, few studies 
have been reported for the production planning problem 
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with electricity contracts. An energy portfolio and 
production planning for a single manufacturing plant has 
been studied [7]. The energy procurement portfolio and 
production planning problem is formulated as a mixed 
integer nonlinear programming problem. However, multi 
plants coordination problems have not been studied in 
previous works. 
In this paper, we propose a distributed optimization 
approach to energy portfolio and production planning 
problems for multiple companies under resource 
constraints with partial information sharing. The 
problem for multiple companies is formulated as mixed 
integer programming problems. A Lagrangian relaxation 
method is applied to decompose the overall problem by 
relaxing interconnection constraints. Computational 
experiments demonstrate that the proposed method can 
create near-optimal solutions with less duality gap 
compared with conventional methods, even though only 
local information is used to derive a solution for each 
company. 
The paper is organized as the following sections. 
Section 2 describes the problem definition and 
formulation of energy portfolio and production planning 
problems for multiple companies. Section 3 explains the 
decomposition approach for solving the problem by 
Lagrangian decomposition and coordination technique. 
Section 4 provides the computational results of a case 
study. Section 5 states the summary and conclusions 
with our future works.  
2. Energy portfolio and production planning problem 
for multiple companies 
2.1. Problem description 
Consider an industrial complex where several 
companies share a common energy source. The total 
energy resource is restricted by maximum energy use for 
the companies at the industrial complex. Each company 
has to create collaborative production planning with 
selection of energy contracts.  
 
In our problem setting, the following points are 
considered. 
x A single site, multiple manufacturing plants with 
multiple companies, and a single product 
requiring one type of energy 
x All parameters are known in advance as a 
deterministic case 
x Each plant has an energy storage system 
 
The constraints for energy use in each company are as 
follows. 
(i) Constant-based contract: energy cost is 
proportional to its amount. 
(ii) Time-based contract:  energy cost depends on its 
time. 
Unit costs for peak time periods e.g. AM9:00-
PM13:00 and PM17:00-PM21:00 is higher than that of 
off-peak time periods. 
(iii) Quantity-based contract: energy cost depends on 
its quantity purchased. 
(iv) Spot-market contract: energy cost depends on its 
spot-market. 
Each company can select every contract for energy 
use in each time period. The total energy cost consists of 
basic charge and the energy cost based on the selected 
contract. Energy portfolio and production planning 
problem treated in this study asks to find an optimal 
production quantity and inventories to minimize the total 
costs including total energy procurement costs, 
production costs, inventory holding costs and setup costs 
for multiple companies. 
2.2. Problem formulation 
The overall production planning problem is 
formulated as a mixed integer nonlinear programming 
problem in this section. 
 
We use the following notation. 
 
Sets and indices 
Cc :  company 
Tt :  time periods 
1T : set of peak time periods 
2T : set of off-peak time periods 
Dd : day 
},,,{ asaqatafAa    indicates contract selection, 
af is ratio-based, at is time-based, aq is quantity-based, 
and as  is spot-based constraint 
 
Parameters 
c
dU : demand in day d for company c  
cs   : setup cost for company c  
ch   : inventory holding cost for company c  
max
,tdP : total energy consumption at time t  in day d  
fr  : unit energy cost for ratio-based contract 
1br , 2br :  unit energy cost of peak and off-peak time for 
time-based contract 
1qr , 2qr :  unit energy cost of peak and off-peak time for 
quantity-based contract 
sr : unit energy cost for spot market contract 
var : risk sensitive coefficient 
],[, TTdCov : covariance matrix for day d  
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cK : production quantity from a unit electricity energy 
for company c  
cls : opportunity loss cost for company c  
cli : loss penalty for utilizing electrical storage for 
company c  
clc : loss penalty for charging electricity for company c  
itqlim : extreme point for quantity-based contract 
adc :  basic charge cost for contract a  
M : large positive constant 
 
Decision variables 
c
dI :  inventory holding quantity in day d for company 
c  
c
tdEs , : electricity holding quantity at time t  in day 
d for company c  
c
atdP ,, : electricity utilization for contract a  at time t  in 
day d for company c  
c
tdPu , : electricity purchased quantity for production at 
time t  in day d for company c  
c
tdPe , : electricity stored quantity at time t  in day d for 
company c  
c
tdPf , :  electricity utilized quantity at time t  in day 
d for company c  
c
tdQ , : production quantity at time t  in day d for 
company c  
c
tdK , : price of electricity at time t  in day d for 
company c  
c
aV : binary variable representing whether electricity 
contract a is utilized or not for company c  
c
tdW , : binary variable representing interval of quantity-
based contract at time t  in day d for company c  
c
tdX , : binary variable representing whether setup is 
occurred or not at time t  in day d for company c  
c
tdY , : binary variable representing whether production is 
executed at time t  in day d for company c  
c
tdZ , : binary variable representing whether production is 
divided at time t  in day d for company c  
 
The problem is formulated as the following nonlinear 
programming problem. 
 
¦
Cc
cfmin  
subject to the objective function: 
c
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Electricity procurement can be executed if one 
electricity contract is selected. 
c
a
c
atd MVP d,,    ),,,( AaTtDdCc   (2) 
Purchased electricity is used as production and storage. 
¦

 
Aa
c
td
c
td
c
atd PePuP ,,,,  ),,( TtDdCc          (3) 
Inventory balancing constraints 
¦

  
Tt
c
d
c
td
c
d
c
d UQII ,1  ),,( TtDdCc         (4) 
Electricity storage constraints 
c
td
c
td
cc
td
cc
td PfPelcEslsEs ,,,1, 24    
),,( 1ttDdCc                                                      (5) 
c
td
c
td
cc
td
cc
td PfPelcEslsEs ,,1,,  
}),,{,,( 242 tttDdCc                                     (6) 
Quantity-based contract constraints 
¦¦
d d
d
dd tt
c
tdit
c
aqtd MWqP
' '
,lim,,' ),,( TtDdCc  (7) 
c
aqtdq
c
td
c
td PrWMK ,,2,, )1( t ),,( TtDdCc   
c
aqtdq
c
td
c
td PrWMK ,,2,, )1( d ),,( TtDdCc   
                                                                                      (8) 
c
aqtdq
c
td
c
td PrMWK ,,1,, d ),,( TtDdCc        
c
aqtdq
c
td
c
td PrMWK ,,1,, t ),,( TtDdCc        (9) 
c
td
c
td WW 1,, t  }),,{,,( 242 tttDdCc    
c
td
c
td WW 24,1, t ),,( 1ttDdCc                      (10) 
Setup constraints 
c
td
c
td
c
td YYX 1,,, t }),,{,,( 242 tttDdCc   
c
td
c
td
c
td YYX 24,1,, t ),,( 1ttDdCc            (11) 
Maximum electricity constraints 
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Production constraints 
c
td
c
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Production deviation constraints 
c
td
c
td
c
td MZQQ ,1,, d   
}),,{,,( 242 tttDdCc                              
c
td
c
td
c
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}),,{,,( 242 tttDdCc                             
c
td
c
td
c
td QMZQ 24,1,, t ),,( 1ttDdCc         (17) 
Continuous variable constraints 
c
td
c
td
c
td
c
atd
c
atd
c
atd
c
atd
c
td
c
td QXKPfPePuPEsI ,,,,,,,,,,,,, ,,,,,,,,
                                                                                    0t                                                                               
(18) 
Binary variable constraints 
}1,0{,,, ,,, c tdctdctdca ZYWV ),,( TtDdCc   
(19) 
The first line of three terms of the objective function 
of (1) consists of the energy cost of ratio-based, time-
based, and spot-based contracts. The second line of three 
terms of (1) consists of the energy costs during peak and 
off-peak time periods and basic charge costs. The third 
and fourth lines of (1) consist of the setup costs, penalty 
for deviation of product quantity, inventory holding 
costs and risk penalty costs calculated from covariance 
matrix of ],[, TTdCov . Equations (2)-(17) denote 
constraints for the energy portfolio and production 
planning problems. Equations (18) and (19) represents 
variable constraints. The problem can be regarded as a 
mixed integer nonlinear programming problem (MINLP). 
 
3. Decomposition algorithm 
We derive the decomposed subproblem by using 
Lagrangian relaxation method [8]. 
 
3.1 Lagrangian decomposition and coordination 
technique 
 
The original problem is decomposed into several 
subproblems by relaxing maximum electricity recource 
constraints using non-negative Lagrange multiplier td ,O . 
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The subproblem for each company is formulated as the 
following mixed integer nonlinear programming 
problem. 
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subject to (2)-(11), (13)-(19) 
 
3.2 Subgradient optimization 
 
The subgradient optimization method is used to solve a 
Lagrangian dual problem. The Lagrangian multiplier is 
updated by 
¦¦
¦¦
 
 


 
Cc Aa
td
c
atd
Cc Aa
td
c
atdLBUB
n
td
n
td PP
PPZZ
2max
,,,
max
,,,
)(
,
)1(
, ||
))((D
OO  
                                                                                    (22) 
where )( ,
n
tdO  is the Lagrange multiplier at n th iteration, 
and 20 dD is the step size parameter. UBZ , LBZ  is 
the value of upper bound and lower bound, respectively. 
 
3.3 Construction of a feasible solution 
 
The solution of the Lagrangian dual problem is not 
always feasible because the maximum electricity 
constraint is violated by using Lagrangian relaxation 
algorithm. In order to ensure the generation of feasible 
solutions, the following algorithm is executed to obtain 
an upper bound at each iteration. 
 
Step 1 The total quantity of electricity usage is derived. 
01, ttdd mm .  
Step 2 1m tt . Check whether maximum electricity 
constraint at time t  in day d  is violated or not. If the 
constraint is violated, the excess value from the 
constraint is set to tdEx , , and  go to Step 3. If the 
constraint is satisfied for all time periods, go to Step 6. 
Otherwise return to Step 2. 
Step 3 Select a company c  whose electricity usage is 
nonnegative. If the excess value for all companies is zero, 
return to Step 2. 
Step 4 If the electricity usage c tdEs ,  for the selected 
company c  is greater than tdEx , , substitute the 
electricity usage, td
c
td
c
td ExEsEs ,,, m . Otherwise the 
electricity usage for the selected company is set to zero,   
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c
tdtdtd EsExEx ,,, m  and 0, mc tdEs . 
Step 5 Check off-peak periods in forward and increase 
the electric usage for the time if the total electricity 
usage is not violated until tdEx , becomes the minimum. 
If 0,  tdEx , return to Step 3. Otherwise go to Step 6. 
Step 6 Check peak periods in forward and increase the 
electric usage by ratio-based contract until 
tdEx , becomes the minimum. If 0,  tdEx , return to 
Step 3. Otherwise go to Step 7. 
Step 7 Calculate the total costs and derive an upper 
bound. The procedure is finished. 
 
3.4 Overall optimization algorithm 
 
The overall algorithm is as follows. 
 
Step 1 Initialization 
  Set the parameters and set to an initial value of 
Lagrange multipliers ( 0)( ,  ntdO ). 
Step 2 Solve the subproblem for each company. 
   Solve the subproblem for each company to maximize 
the objective function of (21) satisfying the 
constraints for each company. 
Step 3 Evaluation of convergence 
    Check the convergence. If the difference between 
lower bound and upper bound are not updated 
predefined time, finish the algorithm. 
Step 4 Construction of a feasible solution 
    Generate a feasible solution from the solution of 
subproblems derived at Step 2 by using the 
procedure stated in section 3.3. 
Step 5 Update of Lagrange multipliers. 
    Update the Lagrange multipliers by subgradient 
optimization method by (22). 
4. Computational experiments 
The computational experiments are executed to 
investigate the effectiveness of the proposed method. 
 
4.1 Case study 
 
A case study for 2 companies problem with 12 time 
periods within one day is created. Peak time periods 
},,,,,{ 10986541 ttttttT   and off-peak time periods 
},,,,,{ 121173212 ttttttT  in this case study. The detailed 
data is provided in Tables 1, 2, and 3,. Note that cI0  in 
Table 1 is the initial quantity of inventories for company 
c . The data is prepared assuming practical data 
provided in [5]. 
 
 
 
Table 1. Data for example problem 
 
1U : 150, 2U : 100 1ls :  0.8,      2ls : 0.8 
1e :  5,      2e : 4 1s :  5,         2s :    4 
1K :  2,      2K : 1 adc :  5, maxP :  20 
1h :  5,      2h : 4 fr : 20, 1br : 30, 2br : 15 
1lc : 0.8,   2lc : 0.8  1qr : 15, 2qr : 30, itqlim : 20,  
1li : 0.8,   2li : 0.8  10I :  1,    
2
0I :     5, var : 0.01 
 
Table 2.  Unit energy cost for spot-based contract 
 
t  1 2 3 4 5 6 7 8 9 10 11 12 
sr
 
13 13 18 48 53 31 14 18 29 25 15 14 
 
Table 3: Covariance matrix ( ],[ TTCov ) 
 
 1 2 3 4 5 6 7 8 9 10 11 12 
1 34.5㻌 29.5㻌 25.5㻌 0㻌 2.25㻌 12.8㻌 22.8㻌 23.8㻌 24.5㻌 18.3㻌 19.5㻌 17㻌
2 29.5 㻌 26.0 㻌 24.3 㻌 8.3 㻌 11.5 㻌 17.8 㻌 20.5 㻌 21.8 㻌 23.8 㻌 19.0 㻌 18.3 㻌 16.5 㻌
3 25.5 㻌 24.3 㻌 32.0 㻌 34.8 㻌 49.3 㻌 44.3 㻌 15.5 㻌 21.8 㻌 30.8 㻌 24.5 㻌 13.3 㻌 11.8 㻌
4 0.0 㻌 8.3 㻌 34.8 㻌 140 㻌 168 㻌 123㻌 7.4 㻌 9.9 㻌 52.0 㻌 62.1 㻌 20.5 㻌 28.5 㻌
5 2.3 㻌 11.5 㻌 49.3 㻌 168 㻌 212 㻌 157 㻌 3.3 㻌 13.3 㻌 64.5 㻌 69.7 㻌 14.8 㻌 21.9 㻌
6 12.8 㻌 17.8 㻌 44.3 㻌 123㻌 157 㻌 119 㻌 9.2 㻌 16.9 㻌 55.3 㻌 56.8 㻌 16.5 㻌 20.9 㻌
7 22.8 㻌 20.5 㻌 15.5 㻌 7.4 㻌 3.3 㻌 9.2 㻌 20.7 㻌 17.4 㻌 18.3 㻌 18.8 㻌 21.5 㻌 21.6 㻌
8 23.8 㻌 21.8 㻌 21.8 㻌 9.9 㻌 13.3 㻌 16.9 㻌 17.4 㻌 19.7 㻌 19.8 㻌 15.6 㻌 15.0 㻌 13.4 㻌
9 24.5 㻌 23.8 㻌 30.8 㻌 52.0 㻌 64.5 㻌 55.3 㻌 18.3 㻌 19.8 㻌 37.0 㻌 36.3 㻌 21.0 㻌 22.3 㻌
10 18.3 㻌 19.0 㻌 24.5 㻌 62.1 㻌 69.7 㻌 56.8 㻌 18.8 㻌 15.6 㻌 36.3 㻌 41.7 㻌 26.0 㻌 29.9 㻌
11 19.5 㻌 18.3 㻌 13.3 㻌 20.5 㻌 14.8 㻌 16.5 㻌 21.5 㻌 15.0 㻌 21.0 㻌 26.0 㻌 26.0 㻌 28.3 㻌
12 17.0 㻌 16.5 㻌 11.8 㻌 28.5 㻌 21.9 㻌 20.9 㻌 21.6 㻌 13.4 㻌 22.3 㻌 29.9 㻌 28.3 㻌 31.8 㻌
 
4.2 Computational results 
 
A case study problem is solved by the proposed method. 
The program code for the proposed method is coded by 
GAMS 23.6. The subproblem for each company is 
solved by a mixed integer nonlinear programming solver 
BONMIN[9]. The convergence condition for the 
proposed method is that the lower bound and the upper 
bound are not updated 10 times. The proposed method is 
converged after 24 times of iterations. The total 
computation time is 16700 sec. The value of upper 
bound is 2675, and the value of lower bound is 2601. 
The duality gap  u 100/)( UBLBUB ZZZ 2.77%. 
The transition of the upper bound and lower bound is 
shown in Figure 1. The difference between the values of 
upper bound and lower bound is gradually decreased to 
reduce the gap between the upper and lower bounds. It 
represents that the Lagrange multipliers work well to 
coordinate the production planning for multiple 
companies. 
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Fig. 1. Transition of upper bound and lower bound 
Figures 2 and 3 show the energy procurement quantity 
profile and contract profile for each company, 
respectively. It is confirmed that the procurement 
quantity appeared in the time periods where the 
maximum resource constraints are violated, is moved to 
off-peak time periods ( 12117321 ,,,,, tttttt ) such that 
time-based contract is prioritized to be contracted until 
the maximum limitation of resource is utilized. Also, 
company 1 executes energy procurement in time period 
4t  which cannot execute procurement in off-peak 
periods. It demonstrates that the proposed heuristic 
procedure can effectively create a feasible solution.㻌
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Fig. 2. Energy procurement quantity profile derived by the proposed 
method 
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Fig. 3. Energy procurement contract profile derived by the proposed 
method 
 
4.3 Comparison with the approach without 
decomposition 
 
The proposed method is compared with the 
conventional method. The conventional method is 
configured to solve the large scale optimization problem 
without decomposition. GAMS 23.6 with BONMIN 
solver is applied to solve the original problem. 
Computational results demonstrate that the conventional 
method requires more than 31740 second with an upper 
bound of 2659.92 and a lower bound of 1775.88. The 
duality gap for the conventional method is much larger 
even though the computation time is more than 3 times 
of the proposed method. From the results, the 
effectiveness of the proposed method is conformed. 
5. Conclusion 
In this paper, we have developed an optimization 
model for energy portfolio and production planning for 
multiple companies under energy resource constraints. 
The Lagrangian decomposition and coordination 
approach is applied to solve the problem effectively. The 
subproblem for each company is formulated as a mixed 
integer nonlinear programming problem. The 
computational results show that the proposed method 
can solve a near-optimal solution for case study. Future 
work is to reduce the computation time for large scale 
problems. 
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